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In search of guiding principles involved in the branching of epithelial tubes in the developing kidney, we analyzed branching of the
ureteric bud (UB) in whole kidney culture as well as in isolated UB culture independent of mesenchyme but in the presence of
mesenchymally derived soluble factors. Microinjection of the UB lumen (both in the isolated UB and in the whole kidney) with fluorescently
labeled dextran sulfate demonstrated that branching occurred via smooth tubular epithelial outpouches with a lumen continuous with that of
the original structure. Epithelial cells within these outpouches cells were wedge-shaped with actin, myosin-2 and ezrin localized to the
luminal side, raising the possibility of a bpurse-stringQ mechanism. Electron microscopy and decoration of heparan sulfates with biotinylated
FGF2 revealed that the basolateral surface of the cells remained intact, without the type of cytoplasmic extensions (invadopodia) that are seen
in three-dimensional MDCK, mIMCD, and UB cell culture models of branching tubulogenesis. Several growth factor receptors (i.e., FGFR1,
FGFR2, c-Ret) and metalloproteases (i.e., MT1-MMP) were localized toward branching UB tips. A large survey of markers revealed the ER
chaperone BiP to be highly expressed at UB tips, which, by electron microscopy, are enriched in rough endoplasmic reticulum and Golgi,
supporting high activity in the synthesis of transmembrane and secretory proteins at UB tips. After early diffuse proliferation, proliferating
and mitotic cells were mostly found within the branching ampullae, whereas apoptotic cells were mostly found in stalks. Gene array
experiments, together with protein expression analysis by immunoblotting, revealed a differential spatiotemporal distribution of several
proteins associated with epithelial maturation and polarization, including intercellular junctional proteins (e.g., ZO-1, claudin-3, E-cadherin)
and the subapical cytoskeletal/microvillar protein ezrin. In addition, Ksp-cadherin was found at UB ampullary cells next to developing
outpouches, suggesting a role in epithelial–mesenchymal interactions. These data from the isolated UB culture system support a model where
UB branching occurs through outpouching possibly mediated by wedge-shaped cells created through an apical cytoskeletal purse-string
mechanism. Additional potential mechanisms include (1) differential localization of growth factor receptors and metalloproteases at tips
relative to stalks; (2) creation of a secretory epithelium, in part manifested by increased expression of the ER chaperone BiP, at tips relative to
stalks; (3) after initial diffuse proliferation, coexistence of a balance of proliferation vs. apoptosis favoring tip growth with a very different
balance in elongating stalks; and (4) differential maturation of the tight and adherens junctions as the structures develop. Because, without
mesenchyme, both lateral and bifid branching occurs (including the ureter), the mesenchyme probably restricts lateral branching and provides0012-1606/$ - s
doi:10.1016/j.yd
* Correspon
Drive, La Jolla,
E-mail addr
1 Current ad
2 These auth275 (2004) 44–67ee front matter D 2004 Elsevier Inc. All rights reserved.
bio.2004.07.022
ding author. Department of Medicine, University of California, San Diego, Leichtag Biomedical Research Building, MC0693, 9500 Gilman
CA 92093-0693. Fax: +1 858 822 3483.
ess: snigam@ucsd.edu (S.K. Nigam).
dress: Department of Medicine, Division of Nephrology, University of Hamburg, Martinistr. 52, 20246 Hamburg, Germany.
ors contributed equally to this work.
T.N. Meyer et al. / Developmental Biology 275 (2004) 44–67 45guidance cues in vivo for directional branching and elongation as well as functioning to modulate tubular caliber and induce differentiation.
Selective cadherin, claudin, and microvillar protein expression as the UB matures likely enables the formation of a tight, polarized
differentiated epithelium. Although, in vivo, metanephric mesenchyme development occurs simultaneously with UB branching, these studies
shed light on how (mesenchymally derived) soluble factors alone regulate spatial and temporal expression of morphogenetic molecules and
processes (proliferation, apoptosis, etc.) postulated to be essential to the UB branching program as it forms an arborized structure with a
continuous lumen.
D 2004 Elsevier Inc. All rights reserved.
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Branching morphogenesis is a key mechanism by which
a wide variety of tissues such as the kidney, lung, salivary
gland, and the prostate gland develop branched epithelial
tubes from an unbranched epithelial progenitor (Davies
and Fisher, 2002; O’Brien et al., 2002; Pohl et al., 2000c,
2002; Shah et al., 2004; Vainio and Lin, 2002; Vainio and
Muller, 1997; Wallner et al., 1997). For example, during
development of the kidney, the tree-like structure of the
collecting system arises as a single epithelial offshoot of
the unbranched Wolffian duct in response to signals
emanating from the metanephric mesenchyme (MM). This
offshoot, known as the ureteric bud (UB), rapidly invades
the MM where it is induced to undergo numerous
iterations of branching morphogenesis, eventually forming
the renal collecting system. The branching tip of the UB
reciprocally induces the MM, causing compaction and
epithelialization of cells within the MM. These MM-
derived structures will ultimately form the epithelial
glomerulus through distal tubule of the nephron (Grob-
stein, 1955; Saxen, 1987). Thus, UB branching morpho-
genesis is believed to be a key determinant of nephron
number. Furthermore, as the development of the proximal
nephron is initiated at the tips of the branching UB, it seems
reasonable to assume that the three-dimensional architecture
of the collecting system (resulting from branching morpho-
genesis of the UB) also plays a fundamental role in
determining the spatial organization of the whole kidney.
In other words, the spatial organization of the UB not only
plays a role in determining the number of nephrons, but it
also is critical in determining where and when nephrons
form in the developing kidney. Thus, the spatial complexity
of the whole kidney, which is a critical component of the
properly functioning adult kidney, is dependent upon
branching morphogenesis of the UB.
The branching pattern of the UB is unique to the kidney
and by microdissection of embryonic kidneys has been
shown to involve three different types of branching events
that must be coordinated with elongation and growth of the
UB branches (al-Awqati and Goldberg, 1998; Oliver, 1968;
Osathanondh and Potter, 1963a, b; Schuchardt et al., 1996;
Srinivas et al., 1999a,b). Based on microdissection in
developing human kidneys, the UB has been describedduring the initial branching events to divide several times
until the most distal ampullae physically connect with the
first induced nephron segments. These ampullae cannot
further divide, but lateral branches form off their existing
branches and give rise to new ampullae that can connect
with other connecting nephron tubules (Oliver, 1968).
Time-lapse analysis of UB development in transgenic mice
that express GFP in the UB and its derivatives under the
control of the promoter of the Hoxb7 gene supported this
description (Srinivas et al., 1999a). In this study, lateral
branches were found to arise from the main branch of the
UB followed by dilation of the tip into an ampullae. This
suggests the existence of a common renal branching
pattern consisting, in part, of lateral branching events
followed by bifid branching (Srinivas et al., 1999a). The
second and third stages comprise barcade formationQ and
the bopen divided systemQ after terminal elongation of
most collecting ducts occurs as described by Oliver (1968).
Although many molecules such as transcription factors;
secreted signaling molecules; receptors; extracellular
matrix proteins; matrix degrading enzymes and inhibitors;
and cytoskeletal, junctional, or cell adhesion proteins have
been found to regulate branching morphogenesis of the UB
and/or nephron formation (reviewed in Burrow, 2000;
Davies and Davey, 1999; Pohl et al., 2000c; Shah et al.,
2004), much remains to be learned. However, due to the
complex nature of the developing kidney in vivo, in which
mesenchymal cells surround and obscure the tubulogenic
epithelial cells, it is important to analyze ureteric bud
growth in isolation.
Here, in vitro culture of the ureteric bud (UB) was used
to study the spatial and temporal distribution of gene and
protein expression of candidate proteins that might regulate
its intrinsic branching program. In particular, structural
proteins of epithelial cell junctions, cell membranes, and the
actin-based cytoskeleton were investigated. Proteins such as
the adherens junction proteins cadherin-6 and R-cadherin
and the integrins a3 and a8 are described to play roles
during development and patterning of the UB in different in
vitro and in vivo models (Dahl et al., 2002; Kreidberg et al.,
1996; Mah et al., 2000; Muller et al., 1997; Zent et al.,
2001). Interestingly, dynamic changes in spatial and
temporal distribution of structural proteins for cell polarity
and cell–cell junctions have also been found to be crucial for
T.N. Meyer et al. / Developmental Biology 275 (2004) 44–6746tubulogenesis in MDCK epithelial cells (O’Brien et al.,
2002). However, the mechanisms proposed for branching in
cell culture models, even in those using IMCD3 (Cantley et
al., 1994) and UB cell lines (Sakurai et al., 1997a) (i.e.,
invadopodia and transient epithelial-to-mesenchymal dedif-
ferentiation), may be different from that of the UB in the
developing kidney.
In this study, we show that the in vitro cultured isolated
ureteric bud (iUB) exhibited a similar branching pattern and
morphology as the UB of whole embryonic kidney during
its initial development and is therefore a useful system to
analyze the intrinsic branching program of the UB. We
describe the spatial and temporal distribution of differ-
entially expressed structural proteins during branching
morphogenesis of the UB and demonstrate by gene chip,
Western blot, and immunohistochemistry a differential
expression of several adherens (AJ) and tight-junction (TJ)
proteins. Furthermore, our data demonstrates that branching
mechanisms of the isolated ureteric bud probably differ
substantially from the models that have been previously
proposed based on epithelial cell culture systems for
branching and tubulogenesis.Materials and methods
Unless indicated otherwise, all cultures were carried out
at 378C in an atmosphere of 5% CO2 and 100% humidity.
Materials
Growth-factor-reduced Matrigel and rat Type I collagen
were from Becton Dickinson (Franklin Lakes, NJ). Fetal
calf serum (FCS) was from Biowhittaker (Gaithersburg,
MD). Growth factors (FGF-1 and GDNF) were from R&D
Systems (Minneapolis, MN). Primary antibodies against
BrdU (mouse monoclonal) and MT1-MMP (mouse mono-
clonal) were from Calbiochem (San Diego, CA); MPM-2
(mouse monoclonal) was from Upstate Biotechnology
(Lake Placid, NY); cleaved caspase 3 (rabbit polyclonal)
was from Cell Signaling (Beverly, MA); occludin (mouse
monoclonal), claudin-3 (rabbit polyclonal), Grp78/BiP
(rabbit polyclonal), and annexin-1 (mouse monoclonal)
were from Zymed (San Francisco, CA); h-catenin (mouse
monoclonal), E-cadherin (mouse monoclonal), pp-120
(mouse monoclonal), Na/K-ATPase (mouse monoclonal),
and GM130 (mouse monoclonal) were from Transduction
Laboratories (Los Angeles, CA); ezrin (mouse monoclonal)
and actin (mouse monoclonal) were from Sigma (St. Louis,
MO); integrin a3 (mouse monoclonal), FGF-R1 (rabbit
polyclonal) and FGF-R2 (rabbit polyclonal) were from
Santa Cruz (Santa Cruz, CA); ZO-1 (rat polyclonal) was a
kind gift from Dr. Daniel Goodenough (Harvard Medical
School, Boston). Secondary antibodies were from Jackson
Immunoresearch Laboratories (West Grove, PA): Cy2, Cy3,
or Cy5 anti-mouse or anti-rabbit and HRP-conjugated anti-mouse, anti-rabbit, or anti-rat. Alexa-568 coupled Phalloidin
and ToPro-3 were from Molecular Probes (Eugene, OR);
fluorescein or rhodamine-conjugated Dolichus biflorus
lectin was from Vector Laboratories (Burlingame, CA).
Plasticware was from Falcon (Lincoln Park, IL). All other
reagents and chemicals, unless otherwise indicated, were
from Sigma.
Generation of conditioned media
BSN-conditioned media was harvested from either
confluent monolayers of BSN cells or from BSN cells
grown in a Cellmax artificial capillary cell culture system. In
the former, BSN cells grown to confluency on 100-mm
tissue culture dishes in DME/F12 supplemented with 10%
heat-inactivated FCS were rinsed in PBS and incubated in
fresh DME/F12 without FCS for an additional 3 days. The
conditioned media was then collected, centrifuged to
remove cellular debris, and concentrated as previously
described (Qiao et al., 1999a, 2001; Sakurai et al., 2001;
Zent et al., 2001). In the Cellmax artificial capillary cell
culture system, BSN cells were seeded into the cell growth
chamber in DME/F12 supplemented with 10% FCS and
allowed to grow to confluency within the chamber. Once
confluent, the FCS concentration of the media was gradually
lowered such that the cells were ultimately grown in the
presence of serum-free DME/F12. At this point, conditioned
media was collected daily from the chamber according to
the manufacturer’s instructions. The media was then
centrifuged to remove cellular debris and used without
any further concentration (Qiao et al., 1999a, 2001; Sakurai
et al., 2001; Zent et al., 2001).
Tissue culture
Kidney and lung rudiments were dissected from pregnant
Sprague–Dawley rats on embryonic day (ed) 13.5 as
previously described in detail (Qiao et al., 1999a). Intact
embryonic kidneys were cultured on the top of a Transwell
filter (CoStar, Cambridge, MA) within individual wells of a
12-well tissue culture dish containing 800 Al of DME/F12
media (Mediatech, Herndon, VA). For kidney inhibitor
experiments, inhibitors were added 1 day after organ
isolation to the outer chamber. For isolated UB culture,
UBs isolated from whole embryonic kidneys as previously
described (Qiao et al., 1999b, 2001; Sakurai et al., 2001)
were suspended within 75 Al of a mixture of type I collagen
and Matrigel (Becton Dickinson) applied to the top of a
Transwell filter within individual wells of a 24-well tissue
culture dish containing 400 Al of growth media supple-
mented with 125 ng/ml GDNF (R & D Systems, Minneap-
olis, MN), 250 ng/ml FGF1 (R & D Systems). Intact lung
rudiments were placed on polycarbonate membrane (0.4-Am
pore size) of Transwell tissue culture plates. Four hundred
mocroliters of 50/50% DMEM/F12 with 10% (vol/vol) FCS
and 1:100 antibiotics were added to the outer chamber. For
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of organ isolation.
Microinjection of ureteric tree
Whole kidneys and isolated UBs were cultured as
described above. Transgenic mice expressing GFP under
the control of the Hoxb7 promoter were the generous gift of
Dr. Frank Costantini. To visualize the lumen of the growing
UB, fluorescently labeled dextran sulfate between 3 and 40
kDa was injected into the luminal space using an Eppendorf
semiautomated microinjection apparatus via pulled glass
capillary needles (Li et al., 2003). The fluorescently labeled
UBs were visualized using both a dissecting microscope
equipped with epifluorescence and a scanning laser confocal
microscope.
Immunocytochemistry and confocal analysis
Isolated ureteric buds were cultured for 1, 3, 5, and 7
days, fixed in 4% paraformaldehyde (EM Sciences, Fort
Washington, PA) for 30 min at room temperature (RT), and
washed with PBS. iUBs were dissected from the Transwell
insert and abundant ECM gel was removed. The iUBs were
equilibrated in equilibration solution (20 mM glycine, 75
mM NH4Cl, 0.1% Triton X-100, in PBS w/o Ca
2+ Mg1+) for
30 min at RT to reduce later fluorescein background
fluorescence from the ECM gel. Preincubation for 1 h at
48C in blocking buffer (0.05% Triton X-100, 0.7% Fish
gelatin in PBS) of iUBs followed. Primary antibodies were
diluted in blocking buffer and incubation was performed for
36 h at 48C on a rocking stage. For control stain, the primary
antibody was omitted. Three washes with washing solution
(0.05% Triton X-100 in PBS) were performed over 24 h at
48C under shaking. Secondary antibodies in blocking buffer
were incubated for 24 h at 48C under shaking. Three washes
with washing solution over a 24-h period removed any
unbound secondary antibody from the gel. Samples were
then mounted with Fluoromount (Southern Biotechnology
Associates Inc, Birmingham, AL). Evaluation of stainings
was performed by scanning laser confocal microscopy
(Zeiss, LSM-510) equipped with an argon/krypton laser
and oil-DIC objectives. The images were scanned at 1024 
1024 or 2048  2048 pixels in multitracking mode
alternating the excitations for FITC/Cy2, rhodamine/Cy3
and Cy5. Serial confocal images of compared stainings were
collected using the same laser energies and magnifications.
Images were processed with Photoshop software (Adobe).
Basement membrane decoration with biotinylated FGF2
Isolated ureteric buds were fixed and blocked as
described above. Ureteric buds were then incubated in
biotinylated FGF2 diluted in blocking buffer for 48 h at 48C.
Biotinylated FGF2 (IF: 1:500) was prepared as described
(Bai et al., 2001). Following three washes over 24 h, at 48C,in washing solution, UBs were incubated in rhodamine-
labeled streptavidin diluted in blocking buffer for 48 h at
48C. Samples were washed over a 24-h period in washing
solution at 48C, mounted in Fluoromount, and examined
with a Zeiss, LSM-510 scanning laser confocal microscope.
Bromo-deoxyuridine proliferation assay
Cultured UBs were incubated for 3 h in the presence of
10 AM bromo-deoxyuridine (BrdU) at 378C. BrdU is
rapidly equilibrated in the extracellular matrix and incorpo-
rated into RNA of proliferating cells during the S-phase of
the cell cycle. Extensive washes with PBS removed
unincorporated BrdU. The UBs were fixed at days 1, 3,
and 7 in 4% paraformaldehyde for 30 min at RT and washed
with PBS. Permeabilization with 0.075% Saponin for 30
min at RT and subsequent treatment with 1 N HCl for 30
min were performed at RT. After rinses with PBS, the basic
staining protocol was performed as described above.
Comparable regions of ampullae and branches were
analyzed by laser scanning confocal microscopy.
TUNEL apoptosis assay
For TUNEL labeling of DNA strand breaks, iUBs cultured
for 1, 3, and 7 days were fixed in 1% paraformaldehyde for 30
min at RT, rinsed in PBS, and dissected from Transwell
inserts removing abundant ECM gel. For positive controls,
iUBs were incubated with 5 mM H2O2 or 500 mM etoposide
(VP-16, Sigma) for 6 h before fixation. The staining
procedure was performed according to the manufacturer’s
instructions (Intergen, Purchase, NY). Counterstain with
phalloidin precededmounting in Fluoromount. Samples were
evaluated by scanning laser confocal microscopy.
Electron microscopy
Isolated UBs cultured for 0, 1, 3, 5, and 7 days and
their surrounding extracellular matrix were fixed in
Karnovsky’s fixative (2.5% glutaraldehyde, 2% parafor-
maldehyde in 0.2 M sodium cacodylate buffer, pH 7.2) for
1 h at RT and processed for transmission electron
microscopy as previously described (Qiao et al., 2001;
Stuart et al., 1996; Tsukamoto and Nigam, 1997). Thick (1
AM) sections stained with Toluidine Blue were examined
with a light microscope and subsequent thin sections were
cut with a diamond knife. Sections were mounted onto
Formvar-coated slotted grids (1  2 mm single hole),
contrasted with lead citrate and uranyl acetate. Examina-
tion of the samples was performed with a Zeiss EM9
electron microscope.
Gene chip analysis–RNA isolation and in vitro transcription
At 0, 1, 3, and 5 days of culture, iUBs (n = 2 for each
time point) were partially separated from surrounding ECM
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Microprep kit (Stratagene, La Jolla, CA). Duplicate samples
for each condition consisting of 100 ng of total RNA were
then used for reverse transcription (RT), second strand
synthesis, and in vitro transcription (IVT) of cRNA. cRNA
from the first round of IVT was recovered and used as a
template in a second round of RT/IVT incorporating
biotinylated nucleotides as per Affymetrix protocol produc-
ing approximately 80 Ag of labeled cRNA. Labeled cRNA
probe (15 Ag) was hybridized to Affymetrix Rat Genome
U34A GeneChips (Affymetrix, Santa Clara, CA), washed,
stained, and scanned per standard Affymetrix protocol. Data
were analyzed as previously described (Stuart et al., 2001,
2003), allowing assignment of statistical significance to
observations and filtering for genes with the greatest relative
changes in the context of their baseline expression. Double
IVT expression data was cross-checked with expression of
the gene accession number of single IVT whole kidney
mRNA expression (published in Stuart et al., 2001; website
http://www.organogenesis.ucsd.edu).
Immunoblot analysis
Freshly isolated rat kidneys of ed 13.5, 14.5, 15.5, and
16.5 embryos, or iUB cultured for 1, 3, or 5 days were
homogenized in RIPA buffer containing 1% Triton X-100,
0.5% deoxycholate, 0.2% SDS, 30 mM Tris–HCl pH 7.4, 25
mM NaF, 10 mM NaPPi pH 7.2, 150 mM NaCl, 300 mM
sucrose, 1.5 mM MgCl2, 1mM EDTA, 1 mM Na-vanadate,
PMSF, protease inhibitors. Equal amounts of protein were
separated by a 4–12% graded SDS-PAGE and transferred
onto nitrocellulose membranes for immunoblotting. The
membrane was blocked for 60 min at RT in Seablock
(Pierce, Rockford, IL). Primary antibodies were also diluted
in Seablock and incubated 2 h at RT on a rocking table.
Washes and secondary antibody incubation were performed
in TBST (10 mM Tris–HCl pH 7.4, 0.05% Tween-20, 150
mM NaCl) for 1.5 h at RT on a rocking table. Following
removal of secondary antibodies, blots were developed with
the Chemiluminescence Kit from Pierce according to the
manufacturer’s instructions and autoradiography (Biomax
MR, Kodak, Rochester, NY).Results
To analyze the extent of lumen formation and imperme-
ability between cells during branching morphogenesis of the
ureteric bud (UB), microinjection of fluorescently labeled
dextran sulfate was employed. In this case, whole kidneys
were isolated from day 13 rat embryos and cultured. At
various time points, fluorescently labeled dextran sulfate
was injected into the lumen of that portion of the ureter
external to the body of the kidney. Regardless of the stage
examined, the UBs in these kidneys revealed the presence of
a patent lumen from the ureter to the extreme tips of thebranching UB (Fig. 1). The lumen assumed the shape of the
UB with elongated stalks and T-shaped ampullae (Fig. 1).
Moreover, microinjection of isolated UBs in 3-D culture
revealed a similar morphology with a continuous lumen
found throughout the UB (Fig. 1). Although this technique
is limited in its ability to detect only those tubules whose
lumens are contiguous with the main lumen of the branching
ureteric tree, the data strongly suggests that branching of the
UB, both in vivo and in vitro, proceeds through the
formation of smooth outpouches of the epithelial tube with
the maintenance of the luminal space. With time, the smooth
outpouches became more prominent, as the lateral clefts
deepened and the outpouches started elongating to form new
branches. The tips of these branches subsequently ballooned
to form ampullae. Fig. 2A shows a scheme for branching
morphogenesis of the UB after four branching events. This
model was generated from information gathered following
microinjection of the UB as well as the examination of more
than 1500 confocal images. Together, these data suggested
(at least at this level of analysis) that throughout all
branching events, cell–cell contact was maintained, the
epithelial monolayer stayed intact, and the lumen of the
forming branches was continuous with the original lumen
(Fig. 2A, insert). This basic structure of the isolated ureteric
bud did not change during the early stages of development
(i.e., consisting of branches and ampullae with a continuous
monolayer and basement membrane at all times). However,
as is discussed below, a degree of functional epithelial
maturation was observed with the differential development
of the adherens and tight junction during culture. Also,
differential expression of mRNA encoding structural pro-
teins, growth factor receptors, matrix degrading enzymes,
and transcription factors was found during the developmen-
tal period observed, supporting their possible function as
regulators of the intrinsic branching program of the iUB in
culture.
The branching pattern of the isolated ureteric bud is similar
to the branching pattern in whole developing kidney and
initially occurs through the formation of outpouches
For initial assessment of UB morphogenesis, we com-
pared branching of the iUB grown in vitro with branching
morphogenesis of UBs grown in vivo (i.e., in the presence of
mesenchymal cell contact). Inverted phase contrast micro-
scopy showed that, after isolation from rat embryos at
ed13.5, the iUB had already undergone one in vivo
branching event (Fig. 2B). The iUB was T-shaped, consist-
ing of the ureter and two primary branches. During
subsequent culture, the iUB underwent three to four
branching events (Fig. 2B, day 8) in three dimensions.
Two types of branches could be differentiated: Lateral
branches (also termed monopodial, Fig. 2B lower panel
marked a) that originated from the stalk of branches and
bifid, or dipodial branches (Fig. 2B lower panel marked b, c)
that originated when an ampulla divided into two branches
Fig. 1. The ureteric bud branches with a continuous lumen. (A–C) Embryonic mouse kidneys in which the lumen of the ureter has been microinjected with
FITC-labeled 40-kDa dextran sulfate. (A) Kidney at day 12 of gestation. The UB has undergone two iterations of branching morphogenesis. (B) Day 14
embryonic kidney. Fluorescent label can be visualized to the very ends of the UB indicating that the lumen is contiguous throughout the entire length of the UB.
(C) Higher magnification examination of the cortex of a microinjected embryonic kidney. Label can be seen extending into the tips of the branching UB. (D–F)
E13 mouse kidney from GFP-expressing transgenic mice were cultured for 1 day before microinjection with fluorescently labeled dextran sulfate. (D) UB is
clearly visible as green branching structure. (E) Lumen of UB has been injected with fluorescently labeled dextran sulfate (red). (F) Merged image of D and E:
lumen (red) can be clearly distinguished within UB (green). The lumen of the branching UB in continuous along its length. (G–H) Isolated UB in which the
lumen has been microinjected with FITC-labeled 40-kDa dextran sulfate. (E) Higher-magnification examination of area indicated in D. Outline of unlabeled
cells surrounding the labeled lumen of the growing UB is clearly seen (arrowheads). Scale bar = 0.5 mM.
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of the iUB is similar to the pattern described by micro-
dissection of nephrons from the human embryonic kidney
(Oliver, 1968; reviewed in al-Awqati and Goldberg, 1998).
Both lateral and bifid branches subdivided during the period
of observation, a process not described to occur during in
vivo branching of the UB (al-Awqati and Goldberg, 1998;
Oliver, 1968). Interestingly, in our in vitro model, the ureter
also branched in a pattern similar to the UB when separated
from mesenchyme (Fig. 2B middle panel, asterisk). These
findings are consistent with the idea that mesenchyme might
provide stop signals to prevent branching of the ureter (Bush
et al., 2004; Qiao et al., 1999a).The initial branching event of the ureteric bud is similar
to initial lung bud branching and occurs through
outpouching
As shown above, the initial branching event in the
isolated ureteric bud is by outpouching of the iUB
epithelium with formation of lateral clefts. Similar out-
pouches can be observed in in vitro lung culture (Fig. 3).
Serial phase contrast micrographs of ed13.5 rat lung buds
were taken during 3 days of culture. New branch points
became visible initially as outpouches of the epithelium
with lateral clefts. The outpouches mostly underwent
symmetrical bifid branching events that further subdivided
Fig. 2. Branching pattern of isolated UB in culture and whole embryonic kidney. (A) Simplified scheme of an iUB after 5–7 days in three-dimensional culture.
Branch colors reflect the current nomenclature referring to position and developmental age of the branch. L indicates lateral branch points whereas the numbers
indicate the sequence of dichotomous branching events. Insert: Enlarged scheme of an iUB ampulla showing the epithelial cell monolayer with membrane
orientation and enclosed lumen. A mitotic cell located toward the lumen is indicated. (B) iUB growth in three-dimensional culture. Digital images were taken
from a representative iUB for 8 days by inverted phase contrast microscope. Top panel: Magnified section of middle panel iUB showing secondary branching
of primary branch. (open arrow) Smooth outpouch developing into ampulla with three new outpouches. The middle panels show the total iUB. * indicates the
branching ureter. The numbers indicate branch generations 1 to 4 on day 8. Lower panel: Magnified section of the middle panel showing secondary and tertiary
branching events. The letters a, b, and c indicate iUB branching patterns. A smooth outpouch develops into a lateral (monopodial) branch (a), and a bifid
(dipodial) branch (b and c). Scale bar = 200 Am.
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Fig. 3. Phase contrast micrographs of rat lung surgically removed on embryonic day 13.5 and cultured for 1, 2, or 3 days as described in Materials and methods.
a,c,e: magnification of panels b,d,f, respectively. The red lines represent the branching bronchial tree and indicate the predominantly dichotomous branching
pattern.
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branching pattern in lung culture differed from UB
branching as described previously (Massoud et al., 1993).
However, these data suggest that outpouching of the
epithelial monolayer was the principal mechanism for new
branch formation in both the isolated ureteric and lung bud
even though their branching patterns differed.
Cell architecture in ampullae suggests regional contraction
as a possible mechanism of outpouching
We next studied UB structure and outpouch formation by
immunohistochemistry in both cultured iUBs and ureteric
buds in native ed15.5 rat kidneys to explore possible
mechanisms behind initial branch formation. In both
systems, the epithelium consisted of a continuous epithelial
monolayer (Fig. 4A,a,e). This monolayer appeared intact
throughout all stages of development and surrounded a
continuous lumen between branches, ampullae, and out-
pouches. Most notably, in regions of outpouching, multi-
layered UB cell clusters were not generally found that
would then organize into a monolayer and thus lead to
branch formation and elongation. In rare images, however,
this could not be determined for certain, and it is thus
conceivable that occasionally a multilayer of cells can form,
although this study suggests that this is at best an infrequent
phenomenon. The difference between cells in the area of the
outpouch and neighboring parts of the monolayer must
therefore be a structural or functional difference within
individual cells along the branch.To study this further, we compared cellular structure in
different areas of the iUB and native kidney UB monolayer
to examine such differences. In both systems, cell shape
along the branches of the iUB epithelial monolayer was
predominantly columnar. However, cell shape appeared
markedly triangular at the ampullae and specifically at
newly formed outpouches (Fig. 4A). Triangular, wedge-
shaped cells consistently had a larger basal aspect. In
contrast to columnar cells at branches, the wedge-shaped
cells exhibited a pronounced actin staining along the apical
membrane. A similar apical staining pattern was observed
for nonmuscle myosin-2 and for tyrosine-phosphorylation in
both iUB and embryonic kidney UB (Fig. 4B) and was also
less prominent at the branches. One interpretation may be
that wedge-shaped cells resulted from regional contraction
of the apical actin/myosin cytoskeleton. Such apical con-
traction could change cell shape in a group of cells along the
ampulla and thus initiate outpouching and cleft formation
through the formation of an apical curvature. Initiators of
apical contraction could include tyrosine kinase-coupled
receptor activity or other tyrosine kinases. Supporting this
possible mechanism of outpouch formation was the
immunolocalization of ezrin. Ezrin is a tyrosine and
serine/threonine phosphorylated protein that binds to actin
and is involved in cell motility and leading edge formation
of developing organs (Tsukita and Yonemura, 1997). Ezrin
also demonstrated strong apical expression in both iUB and
embryonic kidney and could (in principle) therefore mediate
cytoskeletal changes induced by actin and myosin-2 to the
apical membrane.
Fig. 4. Scanning laser confocal images of whole-mount kidneys on embryonic day 15.5 and isolated UBs after 7 days of culture. (A) Cell distribution and
cytoskeleton. a,e: Nuclear staining with ToPro-3 (blue). The monolayer surrounds a lumen (L) in both UBs at the ampulla and the branch. e: Three-dimensiona
reconstruction of serial confocal images allows visualization of the lumen and the cell monolayer (white arrows). The red (horizontal) and green (vertical) line
indicate the axis of reconstruction. b,f: Phalloidin staining (Cy3, red) of filamentous actin. Note the dense apical actin ring at curvatures of ampulla and
outpouch (arrows) when compared to branches. b, insert: DB lectin (FITC, green) to visualize the UB within the developing kidney. c,g: magnification of the
ampullae in b and f; d,h: further magnification of wedge-shaped cells (indicated with *). (B) Immunolocalization of increased tyrosine phosphorylation (a,b)
myosin-2 (c,d), and ezrin (e,f) at the apical membrane of wedge-shaped embryonic collecting duct cells. a,b: The open triangles indicate tyrosine
phosphorylation in blood vessels. Arrows indicate enhanced apical phosphotyrosine staining at ampullae and smooth outpouches. Open arrows indicate
reduced phosphotyrosine staining at branches. c,d: Arrows indicate myosin-2 immunolocalization enhanced at curvatures of ampullae and smooth outpouches
e,f: Ezrin immunolocalization at the apical membrane of ampullae and branches; ToPro nuclear stain (blue); (L) Lumen. Scale bar = 50 AM.
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minimal changes (at this level of analysis) during branching
of the isolated ureteric bud
The structural characteristics of iUB cells within an
ampulla were further evaluated by electron microscopy. The
micrographs showed that most cells in the iUB were
arranged in a typical epithelial monolayer with nuclei in
the basal aspect and apical junctions present along the apical
membrane. Cell–cell contact was intact throughout the
monolayer with cell debris visible on the luminal side
(Fig. 5B). Microvilli were not present on the apical
membrane, further suggesting that the apical localization
of ezrin may be necessary for structural rearrangement
rather than modulating transmembrane transport. Moreover,
the basolateral surface of the cells comprising the monolayer
appeared continuous and was never disrupted by cytoplas-l
,
.mic extensions from UB epithelial cells into the extrac-
ellular matrix (Fig. 5A). Such invasion into the matrix is an
important aspect of branching tubulogenesis in the cell
culture models, particularly these employing MDCK,
IMCD, and UB cells (Cantley et al., 1994; Derman et al.,
1995; O’Brien et al., 2002; Pavlova et al., 1999; Pollack et
al., 1998; Sakurai et al., 1997a; Santos and Nigam, 1993;
Stuart et al., 1995). In these systems, cytosolic protrusions
(also termed binvadopodiaQ) arising from the basal aspect of
the cells may break through the basement membrane to
invade the matrix as an initial step to branching (O’Brien et
al., 2002). The electron microscopy analysis suggests that
this is not the case in branching of the tubular UB, at least in
iUB culture. In support of this notion, decoration of
extracellular heparan sulfate with biotinylated FGF2
revealed continuous staining of the basolateral surface of
the UB epithelial cells (Fig. 6). FGF2 binds to heparan
Fig. 5. Electron micrograph of an isolated UB cultured for 7 days. (A) Reconstruction of 46 electron micrographs of one branch with ampulla (a), outpouch
(op), and branch (b); L indicates the lumen. b: Section of the continuous basal membrane. c: Apical membrane of the same section shown in a. (B) a: Section
showing a single layer of cells. Cell debris (open arrow) is visible in the lumen (L). Basal nuclei are indicated (*). b: Magnification of (a). Apical junctions are
indicated with arrows. c: Magnification of one apical junction.
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basement membrane of the epithelial cells. The staining
pattern does not show any evidence of cellular protrusions
extending from the basolateral surface. Together, the data
presented support the notion that this binvadopodiaQ-based
mechanism is not a predominant mechanism utilized in
branching morphogenesis of the tubular epithelial UB in our
model system and that the tubular UB branches via other
mechanism(s).
Priming of secretory protein machinery at ampullae and
outpouches of the isolated ureteric bud
Further analysis of the EM micrographs showed an
abundance of rough endoplasmic reticulum and secretory
vesicles in cells at the tip of the ampullae and outpouches
consistent with increased secretory activity in these areas of
the iUB. In support of this notion, the ER resident
chaperone Grp78/BiP, a marker of ER protein biosynthetic
activity, showed enhanced staining in the ampullae and
outpouches of the iUB when compared to the branches (Fig.
7A). In contrast, the Golgi matrix protein GM-130 whose
expression does not correlate with secretion was distributed
evenly along the monolayer throughout the iUB. Together
with the electron microscopic findings, these data suggest anincreased protein synthetic and export activity at ampullae
and outpouches.
Localized expression of growth factor receptors and
extracellular proteases in the isolated ureteric bud as
possible mechanisms for outpouch formation and branch
elongation
Increased secretion may reflect increased production of
matrix producing or degrading proteins. For example, tip-
specific secretion of extracellular proteinases could facilitate
the advancement of the iUB tip within the extracellular
matrix and make way for branch elongation (Nigam, 1995;
Pohl et al., 2000a; Stuart et al., 1995). MT1-MMP is a
membrane bound metalloproteinase involved in matrix
degradation of developing epithelial cell structures and
was recently localized to ureteric bud tips (Kanwar et al.,
1999). On the isolated UB, immunohistochemical analysis
of MT1-MMP (Fig. 7B) and another metalloproteinase,
MMP-2 (not shown) also exhibited increased immunoreac-
tivity at the ampullae and outpouches when compared to
branches. It is therefore possible that differential secretion of
matrix dissolving proteins is one mechanism for elongation
of iUB branches (Nigam, 1995; Pohl et al., 2000a; Stuart et
al., 1995).
Fig. 6. Decoration with biotinylated FGF2 indicates continuous basement
membrane. (A) Isolated UB stained with FITC-labeled D. biflorus. (B)
Isolated UB decorated with biotinylated FGF2, which has been detected
with TRITC-labeled streptavidin. (C) Higher-magnification examination of
area indicated in B; TRITC labeling indicates continuous staining of
heparan sulfate proteoglycans localized on the cell surface and basement
membrane. Staining is uninterrupted along the basolateral surface of the
growing UB tips.
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factor receptors could indicate the areas of outpouching.
Because stimulation with FGF-1 and GDNF is used in this
in vitro model of iUB growth, we examined the localization
of receptors for these growth factors. Interestingly, the two
receptors for FGF-1 that are reported to be present on the
iUB (FGF-R1 and FGF-R2; Qiao et al., 2001) were
preferentially expressed at the basal side of ampullae and
outpouches (Fig. 7C) when compared to branches. The
receptor for GDNF, c-ret, was detected at a low level
throughout the iUB (day 7) with a slight increase of
expression along the ampullae. A comparable expression
pattern for c-ret has been published previously in whole
kidney (Liu et al., 1996). The observed increased expression
of these growth factor receptors may initiate localized
outpouch formation and subsequent elongation of new
branches in the iUB.
The balance of proliferation and apoptosis as a mechanism
of branch elongation and formation of the ureteric tree
To further examine the dynamics of isolated ureteric bud
growth, branch, and lumen formation, we studied the spatial
distribution of proliferative and apoptotic markers at differ-
ent time points of development (Fig. 8). Formation of
outpouches and branch elongation could be due, in part, toregional changes in the balance of proliferation and
apoptosis of epithelial cells. Proliferation was visualized
by in vitro BrdU incorporation and subsequent immunohis-
tochemistry for BrdU. BrdU-positive, proliferating cells
were found to be evenly distributed along the T-shaped iUB
after 1 day of in vitro culture. At later time points of iUB
development, proliferation at ampullae and outpouches
remained stable whereas proliferation in stalks decreased.
Proliferation in ampullae was most notable in areas of
outpouching. The overall amount of proliferating cells
decreased with increasing age of the iUB in culture. Cells
in mitosis were detected with MPM-2 antibody, which
reacts specifically with a phospho-epitope that is phos-
phorylated during the G2 phase and dephosphorylated at the
end of mitosis (Engle et al., 1988). MPM-2 immunoreactive
cells were detected throughout iUB development. Similar to
BrdU incorporation and MPM-2 staining of whole embry-
onic kidneys (data not shown), these cells were predom-
inantly located within ampullae and outpouches, with few
mitotic cells along stalk lengths. The mitotic cells were
mostly located toward the apical side of the cell monolayer
and showed other hallmarks of mitosis such as separating
DNA, or spindle apparatus formation (h-tubulin staining,
not shown).
Little is known about the role of apoptosis in collecting
system development. General caspase inhibition prevents
ureteric bud branching and kidney development (Araki et
al., 1999). Localized apoptosis could contribute to branch
length or branch point definition or lumen formation.
However, our observations indicated that a continuous
lumen was present from the time of isolation of the iUB
(Fig. 1). Electron microscopic studies also showed that
only a few apoptotic cells from the monolayer were shed
into the lumen of the iUB (Fig. 5B), a process reminiscent
of cell shedding in the injured adult kidney (Bonegio and
Lieberthal, 2002). Apoptosis was studied by TUNEL
detection of 3VDNA fragmentation, which is associated
with ultrastructural changes in cellular morphology during
apoptosis (Gavrieli et al., 1992). Additionally, immuno-
histochemistry against the cleaved fragment of active
caspase-3 was performed. Cleavage of caspase-3 is
considered an early event during apoptosis and occurs
before 3VDNA fragmentation. Both staining methods
revealed a similar staining pattern for apoptosis in iUB
culture. Apoptosis was detected mostly in cells along
branches, with only a few apoptotic cells in ampullae.
Both assays also detected the cell detritus in the lumen of
branches and ampullae as apoptotic material. A branch-
point-specific distribution was not observed. Positive
controls for TUNEL staining (treatment of day 7 UBs
with 5mM H2O2 or etoposide for 6 h) induced a strong
increase in apoptotic cells in the epithelial monolayer and
strong immunoreactivity in the lumen when compared to
control (not shown). In summary, the distribution of
apoptosis (increased along stalks) was generally the
opposite of proliferation (increased in ampullae). It there-
Fig. 7. Secretional activity at the ampullae of iUB. (A) a,b: Scanning laser confocal images of ER chaperone Grp78/BiP immunolocalization at the ampulla
(white arrows) but not the branch (open arrows). Basal Grp78/BiP staining is indicated by arrows in this magnified image of the monolayer (b). c: Electron
microscopic image of secretional vesicles in ampullary cells (arrows). d: Uniform apical GM130 immunolocalization in ampullary and branch cells. ToPro 3
nuclear stain (blue). (B) MT1-MMP immunolocalization (FITC, green) at ampullae (white arrows) and branch (open arrows), Phalloidin (Cy3, red)
counterstain. (C) a,b: Immunolocalization of FGF receptor 1 and 2 (FITC, green) at ampullae (arrows) and branch (open arrows). c: C-ret immunolocalization
(FITC, green) at ampullae (arrows) and branch (open arrows). Phalloidin (Cy3, red) counterstain.
T.N. Meyer et al. / Developmental Biology 275 (2004) 44–67 55fore seems plausible that, after initial diffuse proliferation,
a regional increase in proliferation together with decreased
apoptosis is one mechanism for directional bud growth
and elongation.
Polarization of the epithelium is maintained during
outpouch formation of the isolated ureteric bud
We next examined whether cell polarity was compro-
mised in regions of outpouching as has been suggested by
epithelial cell culture models of branching morphogenesis
(O’Brien et al., 2002). We find that all tested immunohis-
tochemical features of a polarized epithelium were present
after 7 days of iUB culture and in native ed15.5 kidneys
(Fig. 9A). The tight junction (TJ) marker occludin was
expressed exclusively in the apical membrane, the adherens
junction (AJ) marker E-cadherin stained the apico-lateral
membrane, and the matrix receptor integrin a3 was located
mostly basolateral as was Na/K-ATPase. Importantly, this
distribution did not change during the formation of out-
pouches in the iUB, suggesting that a polarized epitheliumexisted throughout new branch formation. A continuous
monolayer could be seen by nuclear stain (Fig. 9B); also, a
continuous staining for the TJ scaffolding protein ZO-1 was
evident in the area of the outpouch. This finding suggested
again that cells of the outpouching epithelial monolayer did
not lose their polarized epithelial phenotype in areas of
branching, although we may not have detected more subtle
or transient changes. Despite the fact that true markers for
the apical membrane of the UB cells are not available, the
continuous lumen and apical junctional staining of the UB
epithelium in outpouches suggest that cell-polarity and cell–
cell contact is maintained during branching of the isolated
ureteric bud; this is consistent with the absence of detectable
leakage of microinjected dye from the lumen to the
intercellular (and extracellular) spaces.
Differential expression of junctional proteins during
development
As shown above, the ureteric bud cultured in the
presence of soluble growth factors and extracellular
Fig. 8. Laser scanning confocal images of proliferation and apoptosis in ampullae and branches of the isolated UB after 1, 3, and 7 days of culture. a–d: Bromo-
deoxyuridine (BrdU, FITC, green) staining of proliferating cells. The dashed white line indicates the localization of the basement membrane. a,b: Note strong
and uniform proliferation after 1 and 3 days of culture. c: Predominant proliferation at the ampullae on day 7 (white arrows). d: Few proliferating cells in an
outpouch of a primary branch (white arrows). e–h: MPM-2 staining (FITC, green) of mitotic cells and nuclear stain (ToPro3, blue). e,f: Mitotic cells in
ampullae and branches after 1 and 3 days of culture. Insert: Higher magnification of a MPM-2-positive cell with mitotic figure. g,h: Predominant mitosis in
ampulla or areas of outpouching (white arrows) but not branches. (L) lumen. i–k: TUNEL staining (FITC, green) and F-actin (phalloidin, Cy3, red) double
stain. Apoptotic cells are visible in the lumen of branches (b) of iUB cultured for 1–7 days and rarely in ampullae (a). Apoptotic cells are indicated by white
arrows. l: Cleaved caspase 3 (FITC, green) and F-actin (phalloidin, Cy3, red) double stain of an iUB primary branch after 7 days of culture. Cleaved caspase 3
immunoreactivity is predominantly found in branches (b).
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(i.e., dependent on no other cells than those of the UB),
which enabled it to branch despite the absence of
metanephric mesenchyme. Recently, expression analysis
of 8741 rat genes during kidney development suggested
that the embryonic kidney is committed to cellular
proliferation and morphogenesis early, followed by
increased extracellular matrix deposition and acquisition
of markers of terminal differentiation (Stuart et al., 2001);
this analysis has since been extended to the iUB (Stuart
et al., 2003). Here, we further examined these data for
potentially important genes for the intrinsic branching
program of the iUB by gene chip analysis of RNA
extracted from iUB cultured for 0, 1, 3, and 5 days.
mRNA expression patterns of the iUB were compared to
single in vitro translated gene chip data of ed13.5, 15.5,
17.5, 19.5, new born and 1-week-old whole kidneys that
were previously published (Stuart et al., 2001, 2003). Fig.
10A shows a scatterplot expression analysis of mRNA
extracted from iUB at ed13.5 vs. mRNA extracted fromiUB after 5 days of in vitro culture. Interestingly, several
structural and epithelial junctional genes showed up-
regulation during early iUB development (Fig. 10B). The
AJ gene Ksp-cadherin (kidney specific cadherin, cad-
herin-16); the TJ genes claudin-3, occludin, and mupp-1;
the apical cytoskeletal protein and the microfilaments
cytokeratins 8, 18, and 19 showed strong up-regulation
during the first 5 days of iUB culture. As shown in each
mRNA expression panel on the right, the iUB expression
patterns of these genes were similar to the expression
pattern of the same gene during early whole embryonic
kidney development. Up-regulation of these genes in the
iUB as well as the embryonic kidney suggests their
involvement in further epithelial differentiation during the
formation of the collecting system because mesenchymal
mRNA was not present in the iUB expression patterns.
Genes that showed early down-regulation such as c-ret
and sprouty 1 have been reported to play an important
role in initial ureteric bud formation (Sariola and Sainio,
1997; Schuchardt et al., 1994, 1996; Zhang et al., 2001).
Fig. 9. Confocal micrographs of epithelial markers of tight junction,
adherens junction, and the basement membrane in ureteric buds of
embryonic kidneys (a,d,g,j, day 15.5) and isolated UB culture (others,
day 7). The dashed line indicates the localization of the basement
membrane. L indicates lumen. FITC-coupled secondary antibodies where
used throughout. (A) a,b,c: Occludin staining of the apical tight junction. c:
Magnified area of b. d,e,f: Apico-lateral E-cadherin immunolocalization of
the adherens junction. f: Magnified area of e. g,h,i: Baso-lateral integrin a3
immunolocalization. i: Magnified area of h. j,k,l: Predominantly basal Na/
K-ATPase immunolocalization. l: Magnified area of k. (B) ZO-1 and
nuclear (ToPro-3, blue) stain of an iUB ampulla and branch after 7 days of
culture. a: Continuous apical ZO-1 staining in newly formed outpouch
(arrow) surrounding a lumen (L). White line indicates location of basement
membrane. b: Magnification of the outpouch (arrow). Note that cells of the
epithelial monolayer do not loose cell–cell contact in the area of branching.
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regulated genes were epithelial genes.
Western blot analysis of some of the differentially
regulated genes supported the gene chip results. Tissue
lysates of whole kidneys from ed13.5, 14.5, 15.5, and 16.5rat embryos were immunoblotted against ezrin, annexin-1,
and ZO-1 (Fig. 10C). Consistent with the gene chip data, all
three proteins were temporally up-regulated in the whole
kidney. Tissue lysates of iUB cultured for 1, 3, and 5 days
were immunoblotted against the TJ protein claudin-3 and
the AJ protein h-catenin. Similar to the gene chip analysis,
claudin-3 showed developmental up-regulation in the iUB
by Western blot. Interestingly, the expression levels of the
AJ protein h-catenin remained stable, suggesting a differ-
ential regulation of tight and adherens junctions during
development of the iUB. Matrigel did not show a signal for
either antibody (not shown).
Immunohistochemical analysis of iUB after 1, 3, and 7
days of culture were performed to further investigate the
developmental expression of tight and adherens junction
proteins. Isolated UBs were stained for ZO-1 and claudin-3
to visualize the TJ (Fig. 11). Consistent with the gene chip
and Western blot results, after 1 day of culture, the iUB
showed no specific staining for either protein. After 3 days
of culture, however, low expression levels were detected. At
7 days of culture, the TJ was established, with specific
staining against ZO-1 and claudin-3. Nevertheless, the lack
of leakage between cells after luminal dye microinjection
suggests that the cells have some degree of selective
intercellular impermeability even before ZO-1 and clau-
din-3 are expressed; this may be mediated by other claudins.
In contrast to this developmental maturation of the tight
junction, staining of the adherens junction proteins E-
cadherin, h-catenin, and pp-120 (not shown) demonstrated
that the AJ was already formed early during development of
the iUB. Specific staining for E-cadherin and h-catenin was
detected on the first day of culture and remained unchanged
thereafter. Interestingly, staining for Ksp-cadherin, which
had shown increasing mRNA expression for the first days of
culture, demonstrated the same developmental pattern as
described for the TJ proteins ZO-1 and claudin-3 (Fig. 12).
Ksp-cadherin is a tissue-specific member of the cadherins
that is expressed in tubular epithelial cells of the kidney and
developing genitourinary tract (Thomson and Aronson,
1999). Immunoreactivity was detected in branches and
those cells of the ampulla that were adjacent to an area of
outpouching in mature UB (7 days of culture). Within the
outpouch, in areas of wedge-shaped cells and strong apical
actin staining, Ksp cadherin staining was not present. Taken
together, these data support the idea of differential expres-
sion of tight junction and adherens junction proteins during
the development of the ureteric bud goes along with
functional maturation of an epithelial phenotype.Discussion
Current views on the branching morphogenesis of
epithelial tubes are largely based on the analysis of several
epithelial cell culture models. Thiery and Boyer (1992)
proposed a two-stage dissociation/reassociation model, in
Fig. 10. Differential expression of epithelial and structural RNA and proteins during development of the whole embryonic rat kidney and the isolated UB. (A)
Scatterplot expression analysis of double in vitro translation gene chip experiments from ed13.5 iUB RNAvs. RNA extracted from iUBs after 5 days of in vitro
culture to determine differentially expressed genes during this developmental period. Red: Genes that show significant changes in expression; Blue: Genes with
no significant change in expression; Horizontal line indicates the mean. (B) Selection of differentially regulated genes and their expression patterns. Left panel:
List of selected structural and epithelial junctional genes that showed up- or down-regulation during early iUB development. Right panel: RNA expression
patterns of iUB cultured for 0, 1, 3, and 5 days (gray bars, double in vitro translation gene chip) compared to of ed13.5, 15.5, 17.5, 19.5, new born, and 1-week-
old whole kidneys (single in vitro translated gene chip as published in Stuart et al., 2001; black bars). (C) Western blot analysis of structural and epithelial
junctional proteins during native kidney and iUB development that were identified by significant changes in RNA expression. Left panel: Immunoblots for ZO-
1, ezrin, and annexin-1 of embryonic day 13.5, 14.5, 15.5, and 16.5 whole rat kidney lysates. Actin demonstrates equal loading. Right panel: Immunoblots for
h-catenin and claudin-3 of tissue lysates from several isolated UBs cultured for 1, 3, or 5 days. Actin demonstrates equal loading.
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and migrate as single cells into the extracellular matrix to
then coalesce and reassemble into multicellular structures
that form tubules of polarized cells. In a similar three-
dimensional MDCK system of branching/tubulogenesis, a
multistep model of tubulogenesis was proposed after
induction with hepatocyte growth factor (HGF), involving
the formation of cytoplasmic processes (invadopodia),
multicellular cords and tubules with lumens (Montesano et
al., 1991, 1997; Pavlova et al., 1999; Santos and Nigam,
1993; Santos et al., 1993; Stuart et al., 1995). Immunocy-
tochemical studies revealed cells from HGF-induced
MDCK cysts formed cytoplasmic extensions into theextracellular matrix, and then lost apical/basolateral polarity
while retaining cell–cell contacts to organize into chains.
After chain formation, these cells formed cellular cords two
to three layers deep that redifferentiated, developed a
protolumen, and matured into tubules with restored apical/
basolateral polarity and formed a lumen (reviewed in
O’Brien et al., 2002). In this model, markers for apical
and basolateral membrane subdomains showed a transient
loss of epithelial cell apico-basolateral polarity during
tubulogenesis, which was subsequently regained (Yu et al.,
2003). The junctional complex underwent rearrangements
that included randomly distributed E-cadherin around the
cell surface (Pollack et al., 1998). IMCD cell and UB cells
Fig. 11. Laser scanning confocal images of adherens and tight junction proteins in isolated UBs after 1, 3, and 7 days of culture. (A) The TJ proteins ZO-1 (a–d)
and claudin-3 (e–h) were not detected at day 1 of UB culture. On day 3, faint staining was visible in the along the apical membrane of the entire UB. Specific
staining was fully developed after 7 days of culture. d,h: Magnified areas of c,g, respectively. (B) The adherens junction proteins E-cadherin (a–d) and h-
catenin (e–h) were expressed in the lateral membrane of the entire UB from the first day of UB culture. d,h: Magnified areas of c,g, respectively. The dashed
line indicates the localization of the basement membrane.
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Sakurai et al., 1997a), although this remains to be shown.
UB cells cultured in 3D gels express different subsets of
genes in the invadopodia stage, multicellular cord, and
tubule with lumen stages, suggesting that gene expression
is very dynamic during these morphogenetic processes
(Pavlova et al., 1999).
In contrast to these morphological changes during tubule
formation in cell culture systems, in the present study,
electron microscopy and histocytochemistry indicated that
the initial step in branching of the isolated ureteric bud in
culture was likely quite different from that seen in cell
culture models of branching tubulogenesis (at least by
confocal fluorescent microscopy, EM, and basement mem-
brane decoration of heparan sulfate). For example, thebasolateral surface of the epithelial UB cells was undis-
rupted throughout the branching events, without any
evidence of cytoplasmic extensions/invadopodia. In addi-
tion, microinjection of the lumen of the forming UB
revealed outpouches with a lumen continuous with that of
the original stalk from which the budding occurred. The
branches, ampullae, and outpouches of the isolated ureteric
bud consisted of an epithelial cell monolayer that sur-
rounded a lumen during the entire branching process.
Similar structural features were observed in the developing
rat kidney and the developing rat lung. The epithelial
monolayer comprising the UB was not observed to be
disrupted either by cells projecting cytoplasmic extensions
into the extracellular matrix or cells losing contact with
surrounding cells and migrating into the extracellular matrix
Fig. 12. Ksp-cadherin immunolocalization. (A) Scanning laser confocal images show developmental up-regulation of Ksp-cadherin (FITC, green) in the latera
membrane of the isolated UB. a: day 1; b: day 3; c: day 7 of culture; d: magnified area of c. The line indicates basement membrane localization. (B
Magnification of c: Day 7 iUB. a: Ksp-cadherin counterstained with phalloidin (Cy3, red) to emphasize the strong apical actin staining in the area of beginning
outpouch formation (white arrows). b: Ksp-cadherin staining only. Note decreased Ksp-cadherin expression in the outpouch.
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appeared to maintain cell–cell and cell–matrix contact
during evagination (Fig. 13A). In fact, this outpouch
formation resembled the basic morphogenetic process
termed bepithelial invaginationQ. Epithelial invagination
has been observed in the development of the neural tube
or the optic cup and was also studied in a model of sea
urchin vegetal plate invagination at the beginning of
gastrulation (Davidson et al., 1995). It is thought to result
from the summation of small changes in the shapes of
individual cells comprising the epithelium. Several different
hypotheses based on differential cell adhesion, cell growth,
division, or cytoskeletal-mediated changes in cell shape
have been proposed to explain epithelial invagination
(reviewed in Ettensohn, 1985). One such hypothesis is the
bpurse-stringQ that is due to the constriction of actin
microfilaments that are arranged circumferentially only at
one end of a columnar epithelial cell (Baker and Schroeder,
1967; Nagele et al., 1989). Such constriction would
decrease the surface area on one side of the cell, changing
its form from columnar to triangular. Constriction of apical
microfilaments in an epithelial cell sheet would result in
curvature of the cell sheet and formation of tubules with
lumens (Fig. 13B).
Several features of the branching process in our iUB
culture support this purse string concept. Predominantly
wedge-shaped cells can be found at ampullae and out-
pouches in contrast to columnar cells at branches. Fur-
thermore, the apical side of the outpouches and ampullae
exhibited a strong actin and myosin ring that may constrict
and lead to the formation of wedge-shaped cells. Also,
during initial branch formation, ezrin and other tyrosine-
phosphorylated proteins showed strong apical staining at
curvatures of the ampullae and developing outpouches.
Gene chip and Western blot analysis revealed up-regulation
of ezrin during branching of the ureteric bud. Ezrin is al
)member of the ERM (ezrin/radixin/moesin) protein complex
that functions as a linker between plasma membrane and
actin cytoskeleton. In general, ezrin has functions related to
cell motility, signal transduction, cell–cell and cell–matrix
recognition, cell growth and invasion, and is a regulator of
the actin cytoskeleton (Tsukita and Yonemura, 1997; Vaheri
et al., 1997), all essential processes during early develop-
ment of tissues and organs. Ezrin is also important for
tubulogenesis in 3-D cultures of MDCK cells exposed to
HGF (Pujuguet et al., 2003). Ezrin has been shown to be
tyrosine-phosphorylated in response to several growth
factors including epidermal growth factor (EGF), hepatocyte
growth factor/scatter factor (HGF/SF), and interleukin-1a
(Il-1a) (reviewed in Tsukita and Yonemura, 1997). Tyrosine
phosphorylation of ezrin appears to activate and translocate
ezrin from the cytoplasm to the membrane and leads to
changes in cell morphology, such as the appearance of
membrane ruffles (Bretscher, 1989; Chen et al., 2001).
Interestingly, MDCK cells transfected with ezrin that had
been mutated to mimic its phosphorylated state are unable to
undergo branching tubulogenesis in response to HGF
(Pujuguet et al., 2003). In fact, the presence of this mutated
ezrin appeared to alter the ability of the cells to form
functional cell–cell contacts (Pujuguet et al., 2003). Thus,
ezrin and the ability to regulate its activity is critical for
branching tubulogenesis. It is intriguing to speculate that
tyrosine phosphorylation activates ezrin, which in turn
regulates apical actin ring formation in the iUB. As new
branch formation occurs at regions of increased apical actin
staining and formation of wedge-shaped cells, ezrin may
translate these changes in cell shape to the apical membrane
or may be one of the initiators of folding of the epithelial
sheet leading to the formation of new branches.
In addition to the bpurse stringQ model of outpouch
formation that is discussed above, localized proliferation
and apoptosis probably influences the initial formation of
Fig. 13. Proposed model of ureteric bud branching morphogenesis. (A) Branching occurs by formation of smooth outpouches (open arrows). During protrusion
of the epithelial monolayer into the extracellular matrix, wedge-shaped cells are formed and monolayer and basement membrane remain intact. (B) bPurse
stringQ hypothesis. Contraction of the apical actin ring in defined columnar cells leads to the formation of wedge-shaped cells with decreased apical surface
area. The epithelial monolayer pushes outward to form smooth outpouches. (C) Balance of proliferating and apoptotic cells. Proliferating cells (red) are found
predominantly in ampullae and smooth outpouches (compared to stalks). Apoptotic cells (blue) are mostly situated in stalks. This distribution of proliferating
and apoptotic cells could drive and direct smooth outpouch formation resulting in branching and elongation. (D) Branching through budding. Schematic of
columnar epithelial cells undergoing apical constriction leading to the formation of wedge-shaped epithelial cells. The process is started by growth factor/HSPG
(heparan sulfate proteoglycan) activation of growth factor receptor initiated signaling cascades in the context of three-dimensional extracellular matrix. The
growth factors exist in an overlapping gradient within the MM. Signals, including, among other things, tyrosine phosphorylation of ezrin, begin the process of
budding. The secretory pathway is primed for increased protein load as cells prepare for the basolateral plasma membrane expansion necessary for the
formation of wedge-shaped epithelial cells. As cells change shape, increased synthesis of secretory and transmembrane proteins together with increased
polarized sorting and basolateral exocytosis leads to increases in basolateral plasma membrane and the release of distal effector molecules necessary for
branching morphogenesis.
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stage of iUB branching (T-shape and early growth),
proliferation was uniform and outpouches were not clearly
present. Interestingly, in isolated lung bud culture, a similar
pattern of proliferation without specific localization of
proliferating cells is seen at the onset of budding (Nogawa
et al., 1998). Only at later stages of development (days 5
and 7 iUB) did proliferation localize to ampullae and
outpouches. Apoptosis and decreased proliferative activity
was detected preferentially in established stalks. Together,
these findings suggested that the balance between strong
cell proliferation and low apoptosis at ampullae could
contribute to vectorial growth and elongation of initial
outpouches and lead to branching of cultured ureteric buds
(Fig 13C).Ampullae and outpouches appear to be the key areas for
branching morphogenesis of the isolated ureteric bud. In
addition to increased proliferation at iUB tips, electron and
confocal micrographs revealed increased secretory activity
and increased expression of extracellular proteases (MT1-
MMP,MMP2). MT1-MMPwas recently localized to UB tips
in the whole embryonic kidney (Kanwar et al., 1999). This
tip-specific expression of extracellular proteinases supports
the possible importance of cell–matrix interactions in the
development of the collecting system. Inhibition of proteo-
lytic activity inhibits branching of both the iUB and cultured
UB cells (Pohl et al., 2000a). Extracellular proteolytic
activity is critical for the formation of new branches in many
tissues such as the capillary endothelium (Folkman and
Haudenschild, 1980) and mammary gland epithelium
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epithelial cell culture models of branching (MDCK,
mIMCD, and UB cells), which, as already discussed, seem
to form tubules through a different mechanism involving
invadopodia, the focal expression of matrix-degrading
proteinases at leading edges of the advancing UB tip has
been argued to play an essential role in branching morpho-
genesis of the UB (Nigam, 1995; Pavlova et al., 1999; Pohl et
al., 2000a; Stuart et al., 1995). In our in vitro system, local
matrix degradation at iUB tips may not only contribute to de
novo branch formation but also to directional growth of
advancing branches. Overexpression of MT1-MMP in
mammary epithelium of female mice lead to the development
of roughly twice the number of branch sites (Ha et al., 2001),
suggesting a potential role of matrix-degrading proteinases in
initial outpouch formation at the site of expression. Taken
together, the presence of abundant MT1-MMP at the tips of
ampullae and outpouches is a potential mechanism of
outpouch formation and subsequent branch elongation
through extracellular matrix action in our system.
In addition to localized expression of matrix metal-
loproteinases, differential secretion of local matrix in areas
of outpouches could be required for or modulate the
branching process in the iUB. Cultured salivary gland, for
example, requires a clot of extracellular matrix to branch
(Takahashi and Nogawa, 1991). The composition of
extracellular matrix has been shown to influence the
phenotype and amount of branching of both cultured cells
and the iUB (Pohl et al., 2000b; Qiao et al., 1999a; Sakurai et
al., 1997a; Santos and Nigam, 1993; Steer et al., 2004; Zent
et al., 2001). Furthermore, antibodies to laminin B-chain
reduced branching in cultured mouse lung explants (Schuger
et al., 1991). Laminin-5, a common ligand for the integrins
a3h1 and a6h4, was detected in the developing UB and
shown to be required for normal UB branching morpho-
genesis in whole kidney as well as isolated UB culture (Zent
et al., 2001). Additionally, proteoglycans have been shown
to be necessary for branching of epithelial tissues including
the ureteric bud in organ culture and in the isolated UB
(Lelongt et al., 1988; Shah et al., 2004; Steer et al., 2004).
The iUB could regulate the amount, direction, and pattern of
its own branch formation through secretion of different
extracellular matrix components preferentially at outpouches
and ampullae. Regulation could occur through local changes
in gene expression mediated by cell–matrix receptors such as
integrins (Lin and Bissell, 1993). The importance of
integrins in renal development and specifically UB branch-
ing has been shown in genetically mutated mice as well as
the isolated UB (Kreidberg et al., 1996; Muller et al., 1997;
Zent et al., 2001). Previous work on the iUB and embryonic
whole kidney showed strong basolateral expression of
integrin a3 in the UB as early as ed13.5, and supported the
importance of integrins in the development of the collecting
system (Zent et al., 2001).
Whether the tip-specific localization of the FGF-recep-
tors 1 and 2 and c-ret contribute to the expression ofextracellular proteinases or increased secretional activity at
the tips still needs to be established. Importantly, the iUB
grows and branches more robustly in vitro with supple-
mentation of FGF-1, which binds to both FGF receptors,
and GDNF, which is the ligand for c-ret. It is tempting to
hypothesize that tip-specific binding of FGF-1 and GDNF to
their receptors would modulate ampullary cell gene expres-
sion so that proliferative activity, secretion of a branch
promoting matrix, and matrix-modifying enzymes would act
together and lead to branch formation in a manner similar to
that proposed (Nigam, 1995; Pohl et al., 2000a; Santos and
Nigam, 1993), and by extension, that bipolar gradients of
stimulatory and inhibitory growth factors in the MM and
stroma play a key role in establishing branching patterns
(Bush et al., 2004; Nigam, 1995; Sakurai and Nigam, 1997;
Santos and Nigam, 1993).
It is interesting to note that the majority of the distal
effector molecules discussed above (i.e., matrix metal-
loproteinases, matrix molecules, growth factors, growth
factor receptors, etc.) are secretory or transmembrane
proteins whose synthesis occurs within the endoplasmic
reticulum (ER), which, as we have shown is highly
abundant in UB ampullae (Figs. 5 and 6) (Qiao et al.,
1999a, 2001; Sakurai et al., 2001; Zent et al., 2001). Along
these lines, the finding of an increased ER protein
bioassembly activity (Grp78/BiP) immunolocalized to the
ampullae of the isolated UB is particularly interesting. One
possible explanation is the increased protein load resulting
from the production of the distal effector molecules (and
thus high secretory protein traffic). However, the increase
may not be reactive, but rather proactive. Recent studies in
B lymphocytes suggest that cells may develop the capacity
for high secretory activity before the accumulation of
immunoglobulin in the ER (Gass et al., 2002, 2004; Ma
and Hendershot, 2003; van Anken et al., 2003). In other
words, the up-regulation of ER chaperones could be in
preparation for an impending increase in the demands on the
protein synthetic machinery of the ER (Gass et al., 2002,
2004; Ma and Hendershot, 2003; van Anken et al., 2003). It
is possible that the same thing is happening in the UB
ampullae. In the MDCK cell culture model of HGF-induced
branching (which occurs through formation of invadopo-
dia), the exocyst, a multiprotein complex involved in the
tethering of exocytotic vesicles containing basolateral
proteins to the plasma membrane, was implicated in tubular
morphogenesis (Lipschutz and Mostov, 2002; Lipschutz et
al., 2000). Moreover, components of the exocyst may
associate with the ER and the translocon, the pore in the
rough ER through which newly synthesized proteins are
translocated into the lumen of the ER (Lipschutz et al.,
2003). Thus, increases in the production of one component
of the secretory pathway may result in increases in the
activity of the entire pathway. Interestingly, proteins of the
yeast exocyst are concentrated at regions of yeast budding
(Guo and Novick, 2004; Lipschutz et al., 2003), while in
cultured neuronal cells, the exocyst is present at site of
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al., 1999; Kee et al., 1997; Vega and Hsu, 2001). Taken
together in the context of the isolated UB, this would
suggest that, while the aforementioned purse-string mech-
anism is operating at the luminal surface to create wedge-
shaped epithelial cells, a combination of ER secretory and
exocytotic vesicle activity is producing basolateral surface
and targeting distal effector molecules (i.e., extracellular
matrix proteins, growth factors, growth factor receptors,
MMPs, integrins, etc.) to create an environment that favors
branching (Fig 13D). How overlapping gradients of positive
and negative modulatory factors in the MM and stroma
affect these intracellular sorting events and thereby affect
branching patterns is an important unanswered question.
Our analysis of the structural features of the iUB in
culture revealed that the epithelial cell sheet changed shape
in areas of outpouching but not the basic properties of a
continuous monolayer with a basal membrane. Interestingly,
gene chip arrays, Western blots, and immunohistochemistry
indicated the functional maturation of the iUB epithelium.
Whereas cell–cell contact was detectable early (at day 1 of
culture) as determined by staining for adherens junction
proteins such as E-cadherin, h-catenin and pp120, a mature
tight junction (as determined by staining for TJ markers)
was not yet formed, although there was an intercellular
barrier to dye extrusion from the lumen. Expression of
marker proteins for TJ formation such as ZO-1 and claudin-
3 were detected only after day 3–5 days of in vitro culture
and in the UB of native kidneys from late ed14.5 or ed15.5.
Proteins of the AJ and TJ have been implicated in a variety
of systems to play an important role in development of
epithelia (Fleming et al., 2000; Yeaman et al., 1999). In
embryonic mouse kidneys, the expression level and local-
izations of cadherins changed during development of the
UB and metanephric mesenchyme (Cho et al., 1998).
Furthermore, cadherin-6 and R-cadherin inactivation
exhibited a bkidney phenotypeQ (Dahl et al., 2002; Mah et
al., 2000) in targeted gene deletion studies. Other cadherin
genes (N-cadherin, P-cadherin, cadherin-11) have also been
inactivated, but these knockout animals had intact kidneys
(Horikawa et al., 1999; Radice et al., 1997a,b). E-cadherin,
which is expressed throughout the nephron, has a lethal
phenotype in knock-out experiments before kidney for-
mation begins (Larue et al., 1994), but has been implicated
in playing a crucial role in the development of the TJ during
early development of mammalian epithelia [reviewed in
Fleming et al., 2000]. Recently, kidney-specific cadherin
(Ksp-cadherin, cadherin-16) expression has been described
in mature collecting duct cells along branches but not
within the ampullae (Thomson and Aronson, 1999). In our
studies, Ksp-cadherin (a knockout of which has not yet
been published) showed a specific distribution also along
the ampulla of the developing iUB. Areas with cells
containing strong apical actin staining and which had a
triangular shape had no detectable Ksp cadherin staining,
whereas the cells bordering this area of active outpouchingwere Ksp-cadherin positive. This distribution suggests
localized maturation of some areas within the ureteric bud
tip. Ksp-cadherin was the only protein in this study to
reflect such localized changes within the UB ampulla.
In epithelial monolayers, tight junctions restrict and
control paracellular transport of solutes to maintain separate
fluid compartments (barrier function). Also, TJs maintain
apico-basal polarity by creating a diffusion barrier for
membrane proteins and lipids within the lateral plasma
membrane (fence function). The resulting polarized protein
distribution is important for signal transduction and vecto-
rial transport (Tsukita et al., 2001). Development of
epithelial cell polarization is described to begin with the
establishment of a physical and molecular asymmetry at the
cell surface. First steps in this process require adhesion
between epithelial cells, principally through adherens
junction proteins and contact of epithelial cells with the
extracellular matrix, largely mediated by integrins (Yeaman
et al., 1999). The process of junction formation is regulated
post-transcriptionally by several signaling pathways
(Denker and Nigam, 1998); much less is known about the
assembly of junctions in epithelial tube formation during
development. In our studies, the iUB showed both E-
cadherin staining and integrin a3 staining even at the
earliest stages of iUB development (day 1 iUB or ed13.5 rat
kidney not shown). Presumably, only after establishment of
the TJ within the first days of UB culture is polarization and
epithelial function achieved. This functional maturation of
the epithelium with establishment of a barrier and fence
function might have important implications for the process
of branching. Distinct apical and basolateral membrane
domains with differentially distributed proteins involved in
signal transduction, often associated with junctions, could
be needed for directional folding of the ureteric bud wall.
Furthermore, barrier function would lead to the establish-
ment and maintenance of the observed lumen in isolated
ureteric buds. Luminal fluid pressure, the result of vectorial
transport mediated by polarized sorting of transporters,
could exert physical force in modulated areas and facilitate
outpouching of the UB wall as an initial step in branching.
Finally, in trying to reconcile in vitro data with knockout,
microarray, and human disease information, we have
previously proposed a model of branching in the developing
kidney (Bush et al., 2004; Nigam, 2003; Shah et al., 2004;
Steer et al., 2004; Stuart et al., 2003). Briefly, we have
argued that branching of the UB during collecting system
development is a multistaged process; preliminarily defined
as UB outgrowth (Stage I), early branching (Stage II), late
branching (Stage III), stop branching/terminal differentia-
tion (Stage IV). A fifth stage, which does not involve
branching but co-opts analogous cellular and molecular
mechanisms to maintain the tubule in the setting of acute
injury (i.e., recovery from acute tubular necrosis), may also
be operative. Despite the difficulty in correlating in vitro
with incomplete in vivo data, the apparent clustering of
knockout animals with kidney phenotypes and human
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seem to support aspects of the model (Bush et al., 2004;
Nigam, 2003; Shah et al., 2004; Steer et al., 2004; Stuart
et al., 2003). At each stage of branching, the balance of
stimulatory and inhibitory growth factors, existing as local
and possibly global gradients within the MM, is thought to
orchestrate the vectorial branching process, leading the bud
to form tips, branch points, and stalks (Bush et al., 2004;
Nigam, 1995; Pohl et al., 2000c; Santos et al., 1993; Stuart
et al., 1995). The mesenchyme provides elongation and
guidance cues in this vectorial arborization process. It also
appears to modulate, perhaps even monitors, tubular caliber
of UB-derived structures and induce terminal differentia-
tion. A differential transcriptional program is postulated to
be activated at tips, branch points, and stalks, leading to
continued iterative growth of the arborized structure and its
maintenance. This leads to the expression of distal effector
molecules of branching-metalloproteases, matrix molecules,
integrins, growth factors, and small molecules involved in
feedback and feed-forward loops—expressed at the surface
of cells at tips, branch points and/or stalks, or in the
immediate extracellular space.
We have further postulated that (1) specific growth
factor–HSPG combinations, acting in concert with other
ECM molecules and cell surface molecules of the MM, are
crucial to the switching mechanism between stages (Shah et
al., 2004; Steer et al., 2004); and (2) that each stage is
comprised of a network of linked genes with a unique
structure of nodes vs. hubs and the degree of decentral-
ization regulating the branching program at that stage
(Barabasi and Oltvai, 2004; Nigam, 2003). Finally, we have
tried to explain why many growth factor and other knock-
outs expected to have renal phenotypes (because of their
involvement in UB branching and tubulogenesis in vitro) do
not appear to have such phenotypes (at least at the level of
analysis reported). For example, Stage III is postulated to be
a more decentralized network than, say, Stage I. Therefore,
apart from redundancy of a certain class of molecules and
the degree of decentralization of the genetic network at that
stage, we have postulated that epithelial cells in the
branching structure are quite plastic. We suggest that, if
the predominant developmental pathway is blocked, the
cells in the UB are able to take a morphogenetic pathway
not normally pursued. For example, cells of the UB may be
able to undergo, to some extent, branching via invadopodia
extension such as occurs in cell culture models using
MDCK, mIMCD, and UB cells (Barros et al., 1995; Cantley
et al., 1994; Montesano et al., 1991; Sakurai et al., 1997b).
Moreover, several growth factor-HSPG (or matrix) combi-
nations maybe bphenotypically equivalentQ, thus allowing
branching to continue with a different but, from the
standpoint of tubule formation, equivalent growth factor–
HSPG combination. Largely unexplored is the contribution
of the intact metanephric mesenchyme to branching;
mechanisms acting via the mesenchyme may be very
important in circumventing genetic lesions in the intrinsicbranching program of the UB, thereby acting, in some
sense, as a bquality controlQ apparatus. Many of these ideas
remain to rigorously analyzed in the context of UB
branching, and connection to morphogenesis at the cellular
level needs to be examined. The present work aims to help
bridge the gap between the study of UB branching, secreted
and membrane morphogenetic molecules, and intracellular
events involving the actin-based cytoskeleton and protein
sorting machinery.Acknowledgments
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